Abstract Cobalt nanowires were obtained in the process of electrodeposition into pores of an alumina membrane. Structural research (XRD, TEM) of Co revealed the facecentered cubic structure. However, the existence of the hexagonal structure cannot be excluded due to strong texture. The influences of an external magnetic field and Al 2 O 3 membrane geometry on magnetic properties of obtained wires were examined. It was found that cobalt nanowires exhibit pronounced shape anisotropy in a direction parallel to the wire axis. The highest influence on the magnetic properties is ascribed to the nanowires geometry i.e., height, diameter, and distances between single wires. Application of an external magnetic field in a perpendicular direction to the sample surface during cobalt electrodeposition increases magnetic anisotropy with a privileged direction along the wire axis. Application of the magnetic field in a parallel direction to the sample surface changes the direction of magnetization.
Introduction
Progress in miniaturization of electronic elements accompanied by a need for their higher and higher efficiency affects the development of the studies in the informatics technology.
Nanostructural magnetic materials are used not only in informatics technologies and data storing, but also in many other areas like medicine, motorization, environment protection, sensors, and catalysis technology.
Nanowires are applied in production of magnetic information carriers [1, 2] , biomedical materials, sound sensors and gas detectors [3] [4] [5] , as well as diodes and transistors in electronics [6] .
Porous and ordered alumina layer turns out to be useful as a template to build in various metals or alloys [7] [8] [9] [10] . Metals with magnetic properties like Fe, Co, Ni, and their alloys can be built into anodic alumina pores in the process of cathodic deposition from solutions of appropriate composition. Cobalt is one of the most interesting metals which belong to the group of ferromagnetic materials. It is known that metallic cobalt occurs in two crystallographic structures: hexagonal closed packed (hcp; α-Co) and face centered cubic (fcc; β-Co). This strongly influences the magnetic properties of nanowires [11] [12] [13] . Moreover, it was found that the structure of cobalt wires can be affected by external magnetic field which in turn gives a possibility to control its magnetic properties.
Magnetic properties of nanowires can be controlled by: (i) appropriate selection of Al 2 O 3 membrane parameters (oxide layer thickness, diameter of pores, and distance between them), (ii) optimal conditions of the electrolysis processes (current density, potential, pH, etc.), and (iii) application of an external magnetic field during metal electrodeposition.
The influence of an external magnetic field on the electrochemical deposition of metals such as Co, Fe, Ni, and its alloys on a flat electrode was mainly investigated [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . So far, limited studies have been done to examine the influence of the magnetic field applied during cobalt deposition into Al 2 O 3 pores on the magnetic properties of the cobalt nanowires, and previous studies had not provided clear results [25] [26] [27] .
Electrodeposition under a magnetic field modifies the surface morphology and crystalline structure of deposits obtained on the flat electrode. The changes are ascribed to magnetohydrodynamic (MHD) convection induced by the Lorentz force [14] . The increase of convection inside the diffusion layer affects the rate of the ions transport which in turn alters pH values near the electrode surface. Such effects can influence changes of morphology and crystalline structure of the deposit [18, 19] .
In the case of electrodes of high porosity, the effect of the MHD convection on morphology of the wires can be different. The fluid flow inside pores under an external magnetic field has not a stationary character. Such conditions can favor additional perturbations which can change origin morphology of the deposit [25, 26] .
Application of an external magnetic field during metal electrodeposition can also induce the magnetocrystaline effect that additionally influences the change of the metal structure.
The objective of the present study is to analyze the influence of the magnetic field on magnetic properties of Co wires.
Experimental
The specimens were aluminum of the composition: Al, min. 99.999 %; Cu, 0.3 ppm; Fe, 0.3 ppm; Mg,1.2 ppm; and Si, 0.8 ppm (Goodfellow). The specimen's surface was 0.8 cm 2 and 0.3 mm thickness. Before the measurements, the specimens were degreased in acetone for 3 min, with the application of ultrasounds. Then, the samples were annealed in an argon atmosphere for 3 h, at 500°C, to remove any residual stress and for composition homogenization. The annealed specimens were electropolished (Stuers LectroPol-5 electropolisher) in a mixture of HClO 4 and C 2 H 5 OH solutions with the addition of butylcellulose.
Anodic oxidation of aluminum was carried out in two stages. The anodic alumina was formed at a constant voltage in various solutions: 0.3 M sulfuric acid at 1°C, 0.3 M oxalic acid at 2°C, and 0.17 M phosphoric acid at 1°C. The time of the first anodizing for both sulfuric and oxalic acid solutions was 24 h, whereas for the phosphoric acid, 2 h. After the first anodizing stage, the oxide film was removed by immersing the samples into the solution of the composition: 0.6 M H 3 PO 4 ; 0.2 M CrO 3 , at 80°C for 2 h. After removal of the oxide film, the samples were subjected to the second anodizing stage under the same conditions as during the first one. The time of the anodizing affects the thickness of the oxide films. The second anodizing process in sulfuric, oxalic, and phosphoric acids was carried out for 3, 6, and 10 h, respectively. After the two anodizing stages, the aluminum substrate was removed in the mixture of 0.2 M HCl and 0.1 M CuCl 2 solution, but opening the alumina pores was achieved simultaneously. The barrier layer on the sample bottom was etched in 0.86 M H 3 PO 4 at 30°C. After removal of both the aluminum and the barrier layer, a thin gold film was sprayed onto the sample surface from the side of the open pores to make available an electric contact during the electrodeposition of nanowires. In the areas from which the aluminum substrate was removed, a film of copper was electrodeposited in potentiostatic conditions. The diagram of the electrolyzer used in the experiment and the methodology of the preparation of the membrane was described in details in the previous paper [28] .
The alumina membranes of nanoporous and ordered structure with defined pore dimensions (diameter, height, distance between pores) were obtained. These were used as a template for further electrochemical incorporation of cobalt. The process was carried out using sulfate solutions containing 0.5 M Cobalt(II) sulfate (CoSO 4 ) and 0.3 M boric acid (H 3 BO 3 ). The pH value of the solution was 3 and it was controlled by addition of sulfuric acid or sodium hydroxide. All experiments were carried out at room temperature in the three-electrode system, where a saturated calomel electrode as a reference electrode was used (SCE, 0.241 V vs. standard hydrogen electrode (SHE)). All potentials were recorded versus the SCE electrode, and then converted and presented with reference to the SHE. A platinum plate was used as the counter electrode. The area of the working electrode was 0.785 cm 2 .
The experiment was carried out with "Autolab" PGSTAT30 potentiostat. Mass changes were registered by the electrochemical quartz crystal microbalance (UELKO Type M106) connected with the Autolab PGSTAT30 potentiostat. The potential was selected on the basis of the cyclic voltammetry experiments, and it was −1.0 V (vs. SHE) [17] .
During the cathodic deposition of Co nanowires in the presence of the magnetic field, the HV7 Walker Scientific electromagnet was used. The experiment was conducted in a homogenous external magnetic field of the strength 0.7 T parallel and perpendicular to the electrode surface. The morphology of the oxide films and their cross-sections were observed with the use of the high resolution scanning microscopy technique with the field emission. The scanning microscope (HITACHI S-4700°) was equipped with an EDS system for the chemical composition analysis (NORAN VANTAGE). Structural studies were carried out with the use of the X-ray diffractometer (BRUKER AXS "Discover 8") and filtered Cu Kα radiation as well as transmission electron microscope (TEM). The magnetic hysteresis loop and its parameters (coercivity, saturation field, saturation magnetization, and the remanence) were determined by means of the Resonance Vibrating Sample Magnetometer (R-VSM) in the magnetic field directed both perpendicular and parallel to the wire axis.
Results
The electrodeposiotion of Co nanowires into the pores of Al 2 O 3 membrane was carried out at the constant potential.
The potential was selected on the basis of the cycling voltammetry experiments (three cycles). These measurements were performed on a gold electrode using solution containing 0.5 M CoSO 4 , 0.3 M H 3 BO 3 and 0.5 M Na 2 SO 4 (pH=3). Additionally, mass changes vs. potential were registered using electrochemical quartz crystal microbalance (EQCM). The curves were recorded from the initial potential of 0.5 V (vs. SHE), then commenced in the negative direction to the switch potential of −1.0 V (vs. SHE). The backward scan was further continued and was completed at the potential of 0.5 V. Figure 1 shows the simultaneous measurement of current and mass changes vs. potential.
The results show that the cobalt deposition was preceded by hydrogen evolution on the Au electrode. The cobalt deposition starts at −0.70 V. The amount of the cathodic deposit increased until the electrode potential reached −0.99 V. Cathodic curve in the backward sweep indicates that cobalt was deposited in the potentials range from E 2 =−0.99 V to E 3 =−0.61 V. Then again was codeposition of cobalt and hydrogen.
The slope of the Δm-E curve in the potential range from E 3 to E 4 =−0.44 V indicates that the hydrogen evolution becomes dominant. Further course of the curve indicates that hydrogen evolution run on the cobalt surface.
A further polarization of the electrodes in the direction of the positive potentials corresponds to the anodic dissolution of the previously deposited metal. The anodic process was completed at +0.4 V at which the mass of the deposit was equal to zero.
In this study, morphology and structure of cobalt nanowires in Al 2 O 3 membrane pores were examined. Magnetic properties of the obtained materials depend on the height of the nanowires, their diameter, and distance between neighboring wires. Also, the influence of an external magnetic field applied in the electrodeposition process of Co nanowires on their magnetic properties was tested.
An influence of the electrodeposition time on the height of Co wires Electrodeposition of Co nanowires was conducted in potentiostatic conditions at E=−1.0 V (vs. SHE) using porous membrane characterized by: pore diameter (D p =70 nm), and distance between pores (D c =110 nm). A dependence of nanowires height and the electrolysis time was determined (Fig. 2) . Results obtained in the measurements indicate that the height of cobalt wires is a linear function of time that can be described by the Eq. (1)
where L is the height of wires (μm), t is the time (min), and correlation coefficient is 0.98.
Morphology and structure of Co nanowires
Structural observations for received material were performed by means of scanning electron microscopy. Typical structure of Co wires deposited in Al 2 O 3 membrane pores is shown in Fig. 3 . SEM results indicate that formation of Co wires starts in the lower part of the Al 2 O 3 membrane. Nanowires deposited at a constant electrodeposition potential are built homogenously and their height depends on the process duration time. In order to determine the structure of Co nanowires, X-ray diffraction analysis (XRD) and transmission electron microscopy (TEM) observations were performed.
Diffractogram of Co nanowires is shown in Fig. 4 . The X-ray analysis leads to the conclusion that the wires are polycrystalline. Identified (111), (220) plane reflexes at 44.2 and 75.8°, respectively refer to Co-fcc structure; however, the same incident angles can coincide with reflexes for the hexagonal structure (hcp) of (002), (110) planes. A weak reflex at the incidence angle of 41.8°originates from the hexagonal structure. Reflexes of cobalt wires at the angle 2θ=44.2°are less intense in comparison to the reflexes observed at the angle 2θ=75.8°. In such result, it is expected to get strong reflex derived from (101) plane at the incident angle 2θ=47.4°; however, the intensity peak is not observed on the diffractogram. It is suggested that the absence of the (101) reflex can indicate strong texture of received wires. Based on this hypothesis, reflexes coming from the hexagonal phase can be weak. Diffraction peak of Si (400) derived from the Si wafer substrate.
In order to obtain more detailed information on the structure of Co wires, TEM/SAD analysis was performed. An image of cross-section of the membrane structure obtained by transmission electron microscopy (TEM) is presented in Fig. 5 . The size of the crystallites was about 50 nm.
The diffraction patterns presented in Figs. 6a, b were taken from the area marked (A) in Fig. 5 The SAD patterns received from the area marked in Fig. 5 correspond to Co-fcc crystallographic structure. The diffraction taken from larger area is represented by rings as it is shown in Fig. 6b . The diffraction consist of characteristics rings which can be ascribed to Co-fcc structure. Unfortunately, based on received results, clear information on formation of Co hcp phase was not obtained.
Magnetic properties of Co nanowires
Dependencies of magnetic properties of Co nanowires on their height For Co wires of different heights, the studies of magnetic properties were conducted with the use of a resonance vibrating sample magnetometer R-VSM in a magnetic field directed perpendicularly and parallel to the wire axis. Hysteresis loops were presented as a dependency of the ratio of magnetization and magnetization saturation (M/M s ) on the magnetic field strength (H). Figure 7 shows selected curves of cobalt nanowires magnetization. In order to investigate the influence of shape geometry on the magnetic properties of Co wires, the samples for which the wire height was, respectively 6; 7; 9.4, and 16 μm. The values are presented in Table 1 . For wires of a height of 16 μm (Fig. 7d) , a clear magnetization anisotropy can be observed. The sample features a privileged magnetization along the wire's axis (easy direction), whereas the direction perpendicular to the wire axis is the difficult direction. This is confirmed by visible differences of remanence energy between magnetization curves. A decrease of the wire's height is accompanied by a clear decrease of anisotropy (Fig. 7a, b, c) . The highest cobalt wires (16 μm) show the greatest magnetic anisotropy suitable for application of such materials in a magnetic recording.
In magnetic materials, the total anisotropy depends on coexisting and mutual competing anisotropy of the shape, magnetocrystalline anisotropy, and mutual dipolar interaction between wires. All the factors determine the final magnetization orientation. The shape anisotropy of cobalt wires depends on the wire's dimensions (diameter and height) and long wires of a small diameter prefers the magnetization direction parallel to the wire's axis. Magnetocrystalline anisotropy prefers magnetization direction along the specific crystallographic directions [29, 30] .
Template of alumina membrane with embedded wires was placed on a glass substrate and diffraction analysis for that arrangement was performed. Diffraction peak of Si (400) shown in Fig. 4 derived from the Si wafer substrate. The diffractogram (Fig. 4) obtained for Co wires with diameter of 70 nm shows reflexes (111) fcc that coincide with reflexes (002) hcp . Moreover, a weak reflex from the hexagonal structure (100) hcp was observed. For cobalt of the regular structure, the magnetic density of crystalline anisotropy energy K 1 =6.3×10 4 J m −3 is lower in comparison to the density of shape anisotropy energy K s =π M s 2 = 6.0×10 5 J m −3 [25] . In case of the hexagonal structure, the density of magnetocrystalline anisotropy energy is comparable to the density of shape anisotropy energy (K 1 =5.0× 10
. For cobalt wires (diameter 70 nm and height 6 μm), absence of anisotropy is observed-magnetocrystalline anisotropy is as strong as shape anisotropy. Subsequently, hysteresis loops (Fig. 7a) does not show anisotropy. With the increase in height of wires (7 and 9.4 μm), shape anisotropy becomes more clear and begins to dominate, as a result, there has been a weak magnetic anisotropy along the wire axis. Further increase of the wire's height leads to a significant domination of shape anisotropy. For the longest nanowires (16 μm), the energy of shape anisotropy is large enough to ensure dominance of the easy direction along the wire axis. Dependencies of Co nanowires magnetic properties on wire diameter and distance between them One of the optimization methods of magnetization along the wire axis is the change of nanowires' diameter or distance between them. Electrodeposition of cobalt nanowires was carried out using membranes with the following parameters:
The X-ray diffraction analysis of the structure of cobalt wires obtained in this measurement series was carried out. Figure 8 presents diffractograms obtained for samples of three pore diameters: 25, 70, and 200 nm. Identified Cu peaks come from the substrate. Obtained diffractograms showed no influence of the diameter size of cobalt wires on the phase composition and crystallographic structure. The intensity of the reflexes (220) fcc and (110) hcp is proportional to the amount of Co due to the porosity of the oxide layer. The highest reflex at the angle 2θ=75.8°is observed for wires of diameter Fig. 7 The hysteresis loops of the cobalt nanowires of various height obtained in the process of the electrodeposition in pores of the alumina membranes Table 1 The values characterizing the magnetic properties of the Co nanowires of different height (L)
Remanence energy 200 nm. Diffraction peak of Si (400) derived from the Si wafer substrate. Magnetic properties of the obtained nanowires were determined. Hysteresis loops were presented in Fig. 9 .
For wires of the smallest pore diameter, 25 nm (Fig. 9a) , there can be observed co-existence of both easy and difficult axis of magnetization (both in the field perpendicular and parallel to the wire axis). In An increase of wire diameter to 70 nm is accompanied by a decrease of magnetic values H c , M r , and μ 0 M r H c in both directions of the magnetic field (Fig. 9) . Moreover, an increase of pore diameter is accompanied by a change of anisotropy effect: the wire axis is the magnetization easy axis whereas the difficult direction is the field direction perpendicular to the wire axis. The wires are characterized by weak anisotropy along the wire axis.
An increase of the wire diameter (D p ) to 200 nm caused a sudden decrease in coercivity, remanence, and volume density of energy in direction parallel to the wire axis. In this case, the hysteresis is not observed in both directions of magnetization (Fig. 9c) . Table 2 shows values characterizing the magnetic field of the investigated nanowires.
The investigations indicate that the diameter of cobalt wires and distances between them significantly influence magnetic properties. An increase of pore diameter is accompanied by a decrease of coercivity, volume energy density of (  Fig. 8) , very weak reflexes can be observed for Co coming from the regular phase that coincides with reflexes from the hexagonal phase. For wires of diameter 25 nm at the angle 2θ=44.5°, a slightly higher peak is observed coming from the regular phase. A greater participation of this phase is a likely cause of the increased coercive field.
An influence of the external magnetic field applied during electrodeposition on magnetic properties of the Co wires
One of the methods to carry out the guide optimization of nanowires on the privileged magnetization along the wire axis is applied to an external magnetic field during cathodic deposition of nanowires. An external, homogeneous magnetic field (0.7 T) directed perpendicularly (⊥) or parallel (||) to the sample surface was applied. Cobalt was deposited in Al 2 O 3 membrane pores of dimensions D p =70 nm and D c =110 nm. The magnetic properties were performed for nanowires 6 μm in height. Hysteresis loops shown in Fig. 10 and in Table 3 shows the values of the magnetic field.
Cobalt wires deposited without external magnetic field (Fig. 10c) show that there is no magnetic anisotropy. There is no privileged direction of magnetization.
Application of an external magnetic field during cobalt electrodeposition in direction parallel to the wire axis (Fig. 10a ) increases magnetic anisotropy: the wire axis is the easy magnetization axis whereas the field direction perpendicular to the wire axis is the difficult direction.
Application of an external magnetic field in the configuration perpendicular to the wire axis (Fig. 10b) changes the magnetization direction. Hysteresis loops obtained both in the direction of the field perpendicular and parallel to the wire axis indicate co-existence of the easy (along the wire axis) and difficult (perpendicular to the wire axis) magnetization axis. In the field perpendicular to the wire axis, small amounts of coercivity can be observed.
Summary
From among the obtained cobalt wires, the highest magnetic anisotropy suitable for application in magnetic record shows the longest (16 μm) nanowires. Shorter wires (up to 9.4 μm) feature close to themselves, low remanence energy, and low ratio M r /M s both in direction parallel and perpendicular to the wire axis. This indicates weak magnetic anisotropy.
For Co wires, the effective crystalline anisotropy is a result of magnetocrystalline anisotropy and shape anisotropy as well as mutual dipolar reactions between wires. X-ray diffraction analysis of cobalt wires indicates presence of the Co-fcc phase. The existence of hexagonal structure on due to present a strong texture is not precluded.
The increase in diameter of Co wires and distances between them significantly affect magnetic properties. An increase of the wire's diameter is accompanied by a decrease of coercivity, volume density of energy, and remanence.
Application of an external magnetic field during the electrodeposition process in direction perpendicular to the sample surface increases magnetic anisotropy with the privileged direction along the wire axis. By contrast, magnetic field in direction parallel to the sample surface changes the direction of magnetization.
In conclusion, magnetic properties of Co nanowires depend mainly on their height, diameter, and distance between them and these can be controlled by choice of the membrane geometry (pore diameters and distances between them) and electrodeposition time. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
